Low silicon steel was siliconized by pulse electrodeposition from KClNaClNaFSiO 2 molten salts and high silicon steel containing 6.5 mass% Si was prepared by followed diffusion annealing. The composition depth profile, the cross-section micrograph and the phase structure of the siliconized layer were characterized with glow discharge optical emission spectroscopy (GDOES), optical microscope (OM), scanning electron microscopy (SEM) with an X-ray energy dispersive spectrometer (EDS) and X-ray diffraction (XRD). The textures of substrate, deposited sample and high silicon steel were analyzed by the orientation distribution function (ODF). The results showed that Si was almost homogeneously distributed in the siliconized layer. The siliconized layer had a two-layer structure. The top layer composed of columnar grains and a layer with equiaxed grains close to the substrate. The phase structure of the layer was composed of Fe 3 Si with (110) preferred orientation. After diffusion annealing the undesirable £-fiber type texture {111}h110i and {111}h112i weakened, both easy magnetization direction Goss texture ({110}h001i) and cube texture {100}h001i were intensified.
Introduction
High silicon steel (6.5 mass% Si) exhibits excellent soft magnetic properties: almost zero magnetostriction, high electrical resistance and permeability, and low eddy current and hysteresis losses, especially at high frequencies. 13) However, the poor ductility of Si-steel above 4 mass% Si makes it extremely difficult to produce thin sheet by conventional rolling. 4, 5) Thus, the production of Fe6.5 mass% Si alloy requires special steps in their processing, Si rich layer has to be deposited and subsequently diffused into the bulk to avoid the brittleness. Several Si deposition methods have been developed, such as chemical vapour deposition, 6) electron beam physical vapor deposition, 7) plasma chemical vapour deposition, 8) hot dipping, 9) laser cladding, 10) and molten salt electrodeposition. 11) Among them, molten salt electrodeposition technique is characterized by simple device, easy operability. Furthermore, in pulse electrodeposition, three independent variables, viz, t on (ontime), t off (off-time) and i p (peak current density) can be varied. Each pulse consists of an on-time during which current is applied and an off-time during which zero current is applied. It is possible to control the deposited layer composition and thickness in an atomic order by regulating the pulse amplitude and width. 12) Therefore, molten salt pulse electrodeposition was chosen for Si surface alloying in our investigation. The composition, the microstructure and the phase of the siliconized layer were studied. At the same time, the feasibility of preparing high silicon steel containing 6.5 mass% Si by followed diffusion annealing was investigated.
Experimental Details
All the chemicals were analytical grade. NaCl and KCl (99.5 mass% each, Tianjin Beifang Medical Chemical Reagent Factory, China), NaF (98.0 mass%, Chemical Reagent Factory, China) and SiO 2 (99.0 mass%, Tianjin Chemical the Third Reagent Factory, China) were dried in a furnace for 2 h at 473 K and well mixed into a composition (NaCl : KCl : NaF : SiO 2 = 1 : 1 : 3 : 0.3, in mole fraction). After that, it was filled into a high purity graphite crucible.
The substrate was low silicon steel 3.46 mass% Si sheet of 20 mm © 30 mm © 0.3 mm with a surface obtained by mechanically ground to 2000 grit emery paper and ultrasonically cleaned in acetone, rinsed with deionized water and then dried with a hot air blaster before electrodepositing.
A schematic diagram of the electrodeposition experimental device was shown in Fig. 1 . The anode, a high purity graphite crucible, served as melt container. The substrate material was used as a cathode. Electrodeposition of Si was produced by square wave pulsed current. The electrodeposition parameters included average current density, duty cycle, frequency, deposition temperature and deposition time. The pulse parameters were controlled by SMD numerical controlled double-pulse plating power source (Handan Dashun Electroplating Equipment Co., Ltd., China). After electrodeposition, the siliconized sample was removed from the furnace. The adhering salt was removed in boiling water and then the sample was cleaned ultrasonically in alcohol, dried with a hot air blaster. Diffusion annealing was performed under high purity argon protective atmosphere, afterward the sample was cooled in the furnace until room temperature.
The quantitative Si concentration depth profile of the sample was determined by glow discharge optical emission spectroscopy (GDOES, GDA750, Spectro, Germany). The morphology of the siliconized layer was studied by optical microscopy (OM, Axiovert 200MAT, Zeiss, Germany) and filed emission scanning electron microscopy (FE-SEM, S4800, Hitachi, Japan) equipped with an X-ray energy dispersive spectroscopy (EDS, Horiba, Japan) probe for chemical composition analysis. The phase constitution was confirmed by means of X-ray diffraction (XRD, D/ MAX2500PC, Rigaku, Japan) with Cu K¡ radiation (40 kV and 200 mA). Texture determination was carried out by an XRD (D8 Discover, Bruker, Germany) with Co K¡ radiation (35 kV, 40 mA). The three incomplete pole figures of {110}, {200} and {211} were measured at surface layer. In order to obtain good pole figure measurement, it was necessary to prepare the sample surface carefully. The sample was mechanically polished and then put into a solution of 4 vol% nitric acid in order to remove the deformation layer introduced during previous mechanical polishing. The distribution of texture in silicon steel was typically described by the orientation distribution function (ODF). The ODF plots were chosen for the quantitative representation of the texture.
Results and Discussion

Composition distribution
From the Gibbs free energy of formation, it can be calculated that, at 1073 K, the theoretical decomposition voltages of NaCl, KCl, NaF and SiO 2 are 3.23, 3.45, 4.80 and 1.86 V, respectively. To avoid any decomposition of the molten salt components, the cell voltage during electrochemical reduction should be controlled at less than 3.23 V. The cell voltage was adjusted to 2.002.90 V in the electrolysis process. This can lead to SiO 2 to decompose and Si deposit on the cathode, while other elements such as sodium and potassium were not reduced. EDS analysis was also used to verify whether sodium and potassium were reduced. The analysis was performed in different locations of the siliconized layer. SEM image of the siliconizied layer and the corresponding EDS spectra of the points indicated in the image were shown in Fig. 2 . The peaks of sodium and potassium were not detected in the EDS spectra and this further confirmed that sodium and potassium were not reduced.
By single factor experiment method, the effect of electrodeposition parameters including average current density, duty cycle, frequency, deposition temperature and deposition time on the composition and microstructure of the siliconized layer was investigated. The result showed that there was no obvious change of Si content in the siliconized layer obtained under different deposition condition. A typical curve of Si concentration along direction perpendicular to the surface was shown in Fig. 3 . Si content in the surface was maximum, and then dropped sharply within 2 µm. Si content remained nearly constant of 12.6211.64 mass% in siliconized layer, and then decreased to the content of the substrate. However, the layer thickness was depended on the deposition condition. The average current density showed an obvious effect on the layer thickness. The layer thickness increased with the increasing of average current density when the deposition conditions were the duty cycle of 20%, frequency of 1000 Hz, deposition time of 60 min, deposition temperature of 1073 K and different average current densities: 20, 30, 40, 50 and 60 mA/cm 2 . 13) Similar to the effect of average current density, the layer thickness increased with the increasing of deposition temperature when the deposition conditions were the average current density of 60 mA/cm 2 , duty cycle of 20%, frequency of 1000 Hz, deposition time of 60 min and different deposition temperatures of 1023, 1073 and 1123 K. 14) On the contrary, the layer thickness decreased with the increasing of frequency when the deposition conditions were the average current density of 30 mA/cm 2 , Fig. 2 SEM image of the siliconizied layer and corresponding EDS spectra of the points indicated in the image. duty cycle of 20%, deposition time of 60 min, deposition temperature of 1073 K and different frequencies: 500, 1000, 1500 and 2000 Hz. 15) When the deposition conditions were the average current density 30 mA/cm 2 , frequency of 1000 Hz, deposition time of 60 min, deposition temperature of 1073 K and different duty cycles: 10, 20, 30, 40 and 50%, the layer thickness did not change much. 16) There was a parabolic relationship between the layer thickness and process time. 14) 3.2 Micrograph of the siliconized layer Figure 4 showed a typical cross sectional optical micrograph of the siliconized layer. The microstructure was revealed with an etching solution consisting of 10 : 10 : 13 volume parts of HNO 3 to HF to glycerine, respectively. It was found that the layer consisted of two-layer structure for all the examined layers. The top layer composed of columnar grain grown perpendicularly to the substrate surface and an equiaxed grain layer close to the substrate.
The result of GDOES could only show the variation of layer's composition as the distance changed, but not to combining the composition with the microstructure. To determine whether the composition of the columnar grain layer and the equiaxed grain changed, energy dispersive spectrometer (EDS) line profile and mapping were carried out to further analyze the chemical contents of the microstructures. Figure 5 presented EDS line profile and its corresponding Fe and Si mapping images of the siliconized sample. EDS mapping images were obtained to visualize brightness contrast caused by variations in the content of alloying elements between different phases in the alloy. As can be seen from Si and Fe mapping images, the columnar grains showed the same brightness as that of the equiaxed grains, indicating that the columnar grains and the equiaxed grains had the same Si and Fe content. This was confirmed by the result of the EDS lines. According to the analyses of EDS lines, Si and Fe content of the siliconized layer was uniform. Moreover, in mapping images, the higher element content was, the brighter was observed. In the Si map, the siliconized layer region appeared a light grey; the substrate region dark indicated that siliconized layer contains higher content of Si than that of the substrate. Similarly, Fe content of the siliconized layer was lower than that of the substrate. This also can be seen from the EDS lines.
Phase constitution
XRD technique was used to identify the phases on the surface, in the columnar grain zone, the equiaxed grain zone and the substrate. Nevertheless, notice that the X-ray small penetration depth in engineering materials limits its applicability to depth phase determination, layer removal technique is therefore needed to obtain the depth phase. In this article, a cost effective simple way to measure the phase at different depth was proposed. After performing the XRD experiment on the surface the specimen was ground to different depth, and the XRD experiment was then repeated. The certain depth of the siliconized layer after ground can be determined by metallography observation. Figure 6 showed the XRD patterns of the siliconized sample on surface, at depths of 20 µm (the columnar grain zone) and 65 µm (the equiaxed grain zone), and substrate. The XRD patterns showed that the phase of surface and at depths of 20 and 65 µm were all composed of the Fe 3 Si. All the positions of diffraction peaks in the siliconized layer were identical with those in Fe 3 Si standard pdf card (ICSD, 65-0146). Note the sharp feature of the peak curve, which represented good crystal form. The layer showed no other FeSi alloy diffraction peaks. Therefore, it was thought that the siliconized layer was composed of the single-phase Fe 3 Si. The formation of Fe 3 Si was quite reasonable, the composition of 12.6211.64 mass% Si tended to yield the form of Fe 3 Si as indicated in the FeSi phase diagram. Furthermore, a comparison between the XRD pattern of the sample and the standard XRD pattern demonstrated that the intensity of (110) orientation was increased and that of (211) was weaken, which indicated that the siliconized layer had Fe 3 Si structure with (110) preferred orientation. The crystal structure of Fe 3 Si can most easily be understood in terms of an underlying body-centered cubic lattice. This lattice is made up of two interlocking simple cubic lattices. All of the sites on one of the simple cubic lattices are occupied by Fe atoms. The sites on the other simple cubic lattice are alternately occupied by Fe and Si atoms in the fashion of a NaCl lattice. 17) In texture evolution it is well established that when the surface energy is dominant then the preferred orientation is dominated by the most closely packed crystallographic plane. In body-centered cubic metals this is the {110}. Therefore, it can be speculated that during electrodeposition the surface energy is dominant leading to the development of a {110} texture in the Fe 3 Si layers. 18) There was only ¡-Fe solid solution phase was detected for substrate. The diffraction peak intensity of ¡-Fe was similar to that given in pdf card (ICSD, 87-0721). In contrast to the diffraction peak intensity, it was observed that ¡-Fe peak position of substrate was found to shift to a higher angle in XRD patterns. By the Bragg equation the high angle shift of its peak position is indicative of the decrease of d value. The decrease of d value suggested that cell parameter became smaller. Si was the element which dissolved into ¡-Fe to form substitutional solid solution, and caused lattice shrinking and reduction of lattice constants. The lattice parameters were reduced due to the replacement of Fe (0.124 nm) atoms by the smaller Si (0.111 nm) atoms. Thus, ¡-Fe diffraction peaks move towards a higher angle. It then turned out that the shift of peak position and the distortion of crystal lattice became more serious with the increase of Si content.
Texture analysis
If the integral area of the Si content distribution curve divided by the thickness of the sample was equal to 6.5 mass%, then the average content of Si should be equal to 6.5 mass% after diffusion annealing. It was calculated that the average Si content of the sample electrodeposited at average current density of 120 mA/cm 2 , frequency of 1000 Hz, duty cycle of 20%, deposition time of 60 min and deposition temperature of 1073 K was about equal to 6.5 mass%. The silicon content of the sample deposited at the above parameters reached to 6.5 mass% in the whole sample after diffusion annealing at 1323 K for 40 min. The variations of Si concentration in deposited and homogenized sample were shown in Fig. 7 . It was seen from the Fig. 7 that deposited steel had a 60 µm thick Si enriched layer and the Si content of homogenized steel was about 6.5 mass%. The ODF values are of major importance for the characterization and evaluation of the magnetic properties of silicon steel. Due to the existence of easy magnetization directions, the magnetization of electrical steel is not isotropic. Therefore the texture will affect the microstructure dependent magnetic properties of the steel, mainly the power losses and permeability. The orientation of h100i is the easy magnetization direction for silicon steel with body centered cubic structure. 19) Figure 8 displayed ¤ 2 = 45°sections of ODF corresponding to three different samples (a) substrate, (b) deposited and (c) homogenized.
The common texture can be represented by orientation fibers. The most relevant fibers for the grain-oriented steels are £-fiber ({111}h110i, {111}h112i), ¡-fiber ({112}h110i, {111}h110i), and ©-fiber ({001}h100i, {011}h100i).
20) The orientation distribution intensities of the ¡-, £-, ©-fibers for substrate, deposited and homogenized samples were presented in Fig. 9 . As seen in Fig. 9 , the initial texture of substrate was mainly characteristic of the {111}h110i and {111}h112i £-fiber and a small amount of Goss texture ({110}h001i) and cube texture {100}h001i component. After eletrodeposition, the £-fiber texture {111}h110i and {111}h112i and cube texture {100}h001i were decreased while Goss texture ({110}h001i) was increased. The undesirable £-fiber type texture {111}h110i and {111}h112i further weakened, both easy magnetization direction Goss texture ({110}h001i) and cube texture {100}h001i increased after diffused annealing. Thus the magnetic performance of the silicon steel can be improved.
Conclusions
The siliconized layer on low silicon steel sheet was obtained by pulse electrodeposition from KClNaClNaF SiO 2 molten salts. The change of Si content in the siliconized layer was similar under different electrodeposition conditions. There was slightly Si enrichment on the surface, and kept as nearly constant in the siliconized layer. The siliconized layers had a two-layer structure. The top layer composed of columnar grains and an equiaxed grains layer close to the substrate. The phase structure of the layer was composed of Fe 3 Si with (110) preferred orientation. The process of preparing high silicon steel by pulse electrodepositon in KClNaClNaFSiO 2 molten salt followed by diffusion annealing was feasible. The high silicon steel produced by electrodeposition temperature of 1073 K, average current density of 120 mA/cm 2 , frequency of 1000 Hz, duty cycle of 20% and deposition time of 60 min and the followed by diffusion annealing at 1323 K with 40 min. The silicon content of the high silicon steel was about 6.5 mass%. After diffusion annealing the undesirable £-fiber type texture {111}h110i and {111}h112i weakened, both easy magnetization direction Goss texture ({110}h001i) and cube texture {100}h001i was intensified.
